Interactive microbial communities are ubiquitous, influencing biogeochemical cycles and host 24 health. One widespread interaction is nutrient exchange, or cross-feeding, wherein metabolites 25 are transferred between microbes. Some cross-fed metabolites, such as vitamins, amino acids, 26 and ammonium (NH 4 + ), are communally valuable and impose a cost on the producer. The 27 mechanisms that enforce cross-feeding of communally valuable metabolites are not fully 28 understood. Previously we engineered mutualistic cross-feeding between N 2 -fixing 29 Rhodopseudomonas palustris and fermentative Escherichia coli. Engineered R. palustris 30 excreted essential nitrogen as NH 4 + to E. coli while E. coli excreted essential carbon as 31 fermentation products to R. palustris. Here, we enriched for nascent cross-feeding in cocultures 32 with wild-type R. palustris, not known to excrete NH 4 + . Emergent NH 4 + cross-feeding was driven 33 by adaptation of E. coli alone. A missense mutation in E. coli NtrC, a regulator of nitrogen 34 scavenging, resulted in constitutive activation of an NH 4 + transporter. This activity likely allowed 35
INTRODUCTION 40
Microorganisms typically exist as members of diverse and interactive communities wherein 41 nutrient exchange, also known as cross-feeding, is thought to be ubiquitous [1] [2] [3] [4] [5] [6] [7] . The 42 prevalence of cross-feeding might explain, in part, why many microbes cannot synthesize 43 essential vitamins and amino acids (i.e. auxotrophy), as they can often acquire these 44 compounds from other community members [1, 7, 8] . Furthermore, microbes in nature 45 experience varying degrees of starvation and often exist in states of low metabolic activity [9, 46 3 prevalence of cross-feeding, elucidating the molecular mechanisms underlying emergent cross-48 feeding interactions and tracking their evolutionary dynamics within natural microbial 49 communities is difficult due to their sheer complexity. To overcome this intrinsic complexity, 50 tractable synthetic consortia have proven useful for studying aspects of the mechanisms, 51 ecology, evolution, and applications of microbial communities [4, [11] [12] [13] [14] [15] [16] . 52
To study the molecular mechanisms of nutrient cross-feeding, we previously developed 53 a bacterial coculture in which Escherichia coli and Rhodopseudomonas palustris reciprocally 54 exchange essential metabolites under anaerobic conditions (Fig.1A ) [17] [18] [19] [20] . In this coculture, E. 55 coli ferments glucose, a carbon source that R. palustris cannot consume, and excretes ethanol 56 and organic acids, namely acetate, lactate, succinate, and formate, as waste products. The 57 organic acids, with the exception of formate, serve as the sole carbon sources for R. palustris 58 (Fig. 1A) . In return, R. palustris fixes dinitrogen gas (N 2 ) via the enzyme nitrogenase and 59 excretes ammonium (NH 4 + ), which is the sole nitrogen source for E. coli (Fig. 1A ). Because both 60 species depend on essential nutrients provided by their partner, this coculture functions as a 61 synthetic obligate mutualism. 62 NH 4 + cross-feeding from R. palustris to E. coli is thought to depend on the equilibrium 63 between NH 3 and NH 4 + . The small proportion of NH 3 present in neutral pH environments is 64 membrane permeable and can diffuse out of cells [21, 22] . Leaked NH 4 + can be recaptured by 65
AmtB transporters [21] , which in the case of R. palustris helps privatize valuable NH 4 + (Fig. 1B ) 66 [17, 18] . NH 4 + leakage is also limited through the strict regulation of N 2 fixation, including by the 67 transcriptional activator NifA, so that energetically expensive N 2 fixation is only performed when 68 preferred nitrogen sources, such as NH 4 + , are limiting [23] . Previously, we identified two types of 69 mutations that increase NH 4 + excretion by R. palustris during N 2 fixation and support coculture 70 growth with E. coli [17] : (i) deletion of amtB, which prevents recapture of leaked NH 3 , or (ii) a 48-71 bp deletion within nifA (denoted as NifA*), which locks NifA into an active conformation [24] (Fig. 72 1B) . In contrast, wildtype R. palustris does not readily support coculture growth with E. coli due 73 to insufficient NH 4 + excretion [17] . 74
While mutualistic cross-feeding of communally valuable NH 4 + between E. coli and R. 75 palustris can be rationally engineered, we questioned whether such an interaction could arise 76 spontaneously. Herein we experimentally evolved cocultures pairing WT E. coli with either WT 77 R. palustris or an engineered NifA* mutant in serially-transferred batch cultures for ~150 78 generations. In both cocultures, a mutualism was established and growth rates improved over 79 serial transfers, but growth and metabolic trends remained distinct. By pairing ancestral and 80 evolved isolates of each species, we determined that adaptation by E. coli was solely 81 responsible for establishing a mutualism with WT R. palustris. Whole-genome sequencing and 82 subsequent genetic verification identified a missense mutation in the E. coli transcriptional 83 activator for nitrogen scavenging, NtrC, that was sufficient to enforce mutualistic NH 4 + cross-84 feeding with WT R. palustris. This mutation results in constitutive AmtB expression, presumably 85 enhancing NH 4 + uptake. Our results suggest that mutations that improve acquisition of 86 communally valuable nutrients by recipients are favored to evolve and can promote the 87 emergence of stable cross-feeding within synthetic consortia, and potentially within natural 88 communities. 89
90

MATERIAL AND METHODS 91
Bacterial strains and growth conditions. All strains and plasmids are listed in Supplementary 92 Table S1 . All E. coli strains used in this study are derived from the type strain MG1655 [25] , 93 unless noted otherwise. The WT and NifA* R. palustris strains used in Fig. 1 Supplementary Table S3 ) 201
202
RESULTS 203
Nascent emergence of mutualistic cross-feeding between wild-type R. palustris and E. 204 coli. Previously, we engineered R. palustris to excrete NH 4 + (NifA*) to stabilize mutualistic 205 cross-feeding with E. coli ( Fig. 1A and B ). Here, we sought to determine whether such a 206 relationship could evolve spontaneously. Spatial proximity has been shown to be an important 207 factor in many microbial cross-feeding mutualisms [37, 38] , which can be disrupted by mixing. 208
To account for the possible importance of proximity, we established cocultures with WT R. 209 palustris (WT-based cocultures) under both shaken conditions, wherein cells are evenly 210 distributed, and static conditions, wherein cells settle in close proximity at the bottom of the 211 tube. In parallel, we also established shaken and static cocultures featuring the R. palustris 212 NifA* strain (NifA*-based cocultures) as a comparative reference. 213
We confirmed our previous observations [17] that WT R. palustris exhibits undetectable 214 NH 4 + excretion and does not readily support coculture growth with WT E. coli, in contrast to the 215 NifA* mutant ( Fig. 1C and D) . Whereas shaken NifA*-based cocultures grew to an OD 660 > 2.0 216 in 4-6 days with a doubling time of ~12 h, shaken WT-based cocultures did not exhibit 217 appreciable growth in the same time frame ( Fig. 1D ). We hypothesized that prolonged 218 incubation might enrich for spontaneous mutants that permit coculture growth. Indeed, after 50 219 days, shaken WT-based cocultures reached densities similar to those observed for NifA*-based 220 cocultures, albeit with a doubling time of ~13 days ( Fig. 1D ). Static WT-and NifA*-based 221 cocultures also became turbid within this time frame. 222
Upon observing a nascent mutualism between WT R. palustris and E. coli, we set up 223 new cocultures to experimentally evolve six replicates of WT-based cocultures (A-F) and NifA*-224 based cocultures (M-R) through serial transfers under shaken conditions, all with WT E. coli 225 ( Fig. 2A ), to compare their physiology, evolutionary trajectory, and species and genotypic 226 composition. We also serially transferred static WT-based cocultures (G-L) and NifA*-based 227 cocultures (S-X). However, we herein focus the bulk of our analyses on shaken cocultures 228 because (i) the close proximity provided under static conditions was not required for nascent 229 cross-feeding, (ii) shaken conditions facilitate analyses such as OD-based determination of 230 growth rates, and (iii) strong biofilms emerged in static cocultures, complicating the 231 determination of population densities. in under 8 days whereas WT-based cocultures took ~40 days ( Fig. 2B ). By G146, the time 240 needed to reach OD 660 > 2 had decreased for every lineage (Fig. 2C ). The shortened growth 241 phase was most pronounced for WT-based cocultures, which all reached OD 660 > 2 in under 17 242 days by G146, less than half the time needed at G17 ( Fig. 2B, C) ; WT-based coculture doubling 243 times decreased from 135 ± 55 h to 47 ± 10 h ( Fig. 2D ). Though less drastic, NifA*-based 244 coculture doubling times also decreased, in this case from ~11 h to ~8 h ( Fig. 2D ). Thus, WT-245 based cocultures adapted to grow faster, although never as fast as unevolved engineered NifA*-246 based cocultures. 247
Because growth trends differed between WT-and NifA*-based cocultures, we wondered 248 how species populations were affected. We therefore enumerated viable cells as colony forming 249 units (CFUs) at the final time points for G17 and G146 cocultures shown in Fig. 2A and B . At 250 G17, both R. palustris and E. coli populations in WT-based cocultures were lower than those in 251 NifA*-based cocultures (Fig. 3A) . It is worth noting that NifA*-based cocultures were plated after 252 ~10 days, whereas WT-based cocultures were plated after 39-43 days due to their slower 253 growth rate. Consequently, the background death rate during the additional ~30 days of slower 254 growth for WT-based cocultures could have contributed to the lower final CFUs. At G146, R. 255 palustris abundances in WT-based cocultures had increased >14-fold and exceeded R. 256 palustris abundances observed in NifA*-based cocultures by ~2-fold ( Fig. 3 ). E. coli abundances 257 in WT-based cocultures also increased >7-fold by G146, but did not reach abundances 258 observed in NifA*-based cocultures (Fig. 3) . The increase in E. coli abundances in WT-based 259 cocultures by G146 suggests that E. coli had better access to NH 4 + , or other nitrogen 260 compounds than at G17 (Fig. 3B ). Due to the disproportionate increase in each population in 261 WT-based cocultures between G17 and G146, E. coli percentages remained low at 1-5%, 262 relative to 11-21% in NifA*-based cocultures (Fig. 3B ). These differences in E. coli populations 263 between WT-and NifA*-based cocultures are consistent with previous findings that higher NH 4 + 264 excretion by R. palustris supports faster growth and higher E. coli abundances [17] [18] [19] . 265
In contrast to WT-based cocultures, NifA*-based cocultures did not display drastically 266 higher cell densities for each species between G17 and G146 ( Fig. 3) . Average E. coli densities 267 were 4.7 x 10 8 CFUs/ml and 6.9 x 10 8 CFUs/ml at G17 and G146, respectively. Average R. 268 palustris densities were 3.4 x 10 9 CFUs/ml and 3.9 x 10 9 CFUs/ml at G17 and G146, 269 respectively. The average E. coli percentage in NifA*-based cocultures was similar at G17 [17] . To see if such trends were also present in WT-based cocultures, we 279 quantified glucose consumption and fermentation product yields at G17 and G146 at stationary 280 phase. At G17, glucose consumption by E. coli in WT-based cocultures was about half of that in 281 NifA*-based cocultures (Fig. 4A ). The lower glucose consumption in WT-based cocultures can 282 explain in part the lower E. coli CFUs observed in Fig. 3A . Previously, we showed that non-283 growing E. coli can ferment glucose, and that this growth-independent fermentation can provide 284 sufficient carbon to support R. palustris growth [19] . We hypothesize that growth-independent 285 fermentation by E. coli was an important cross-feeding mechanism during the extremely slow 286 growth of early WT-based cocultures (Fig. 1D ). However, by G146, E. coli glucose consumption 287 in WT-based cocultures approached that in NifA*-based cocultures in most lineages, with one 288 lineage consuming more glucose than NifA*-based cocultures (Fig. 4A ). The general increase in 289 E. coli glucose consumption in WT-based cocultures from G17 to G146 likely supported both 290 the faster coculture doubling times ( Fig. 2D) and higher E. coli abundances ( Fig. 3B) and 291 contributed to the accumulation of consumable organic acids such as acetate and succinate in 292 some WT-based cocultures at G146, qualitatively similar to NifA*-based cocultures (Fig. S2) . 293
Overall, the increase in metabolic activities attributed to E. coli and the improved E. coli growth 294 in WT-based cocultures between G17 and G146 suggests that nitrogen cross-feeding also 295 increased. 296
We observed a potential trade-off between coculture growth rate and coculture growth 297 yield (ΔOD 660 /glucose consumed). For example, WT-based G17 cocultures had the slowest 298 growth rates but highest growth yields, whereas NifA*-based G146 cocultures had the fastest 299 growth rates but lowest growth yields (Fig. 4B ). Trade-offs between growth rate and yield have 300 been reported in multiple microbial species under various conditions [39] [40] [41] . In our case, the 301 metabolic trends point to possible explanations for the apparent trade-off. For example, formate 302 produced by E. coli is not consumed by R. palustris and thus typically accumulates in cocultures 303 [17] . However, no formate was detected in WT-based G17 cocultures and formate yields were 304 approximately half that of NifA*-based cocultures at G146 (Fig. 4C ). Low formate yields could 305 be explained in part by increased conversion of formate to H 2 and CO 2 by E. coli formate 306 hydrogenlyase [42, 43] . Consistent with this possibility, WT-based cocultures had the highest H 2 307 yields (Fig. 4D ). Low formate yields could also be explained by decreased formate production 308 by E. coli in favor of other fermentation products. We previously observed low formate yields in 309 slow-growing, nitrogen-limited NifA*-based cocultures [19, 20] , suggesting that formate 310 production by E. coli varies in response to growth rate. We have also not ruled out the possibility 311 that R. palustris can consume some formate under certain conditions. In addition to formate, 312 consumable organic acid yields were also lower at both G17 and G146 for WT-based cocultures 313 relative to NifA*-based cocultures (Fig. S2 ). Organic acid accumulation in cocultures can acidify 314 the medium to inhibitory levels [17] . At both G17 and G146, the lower yields of formate and 315 other organic acids in WT-based cocultures translated into higher pH values than in NifA*-based 316 cocultures (Fig. 4E ). This lower level of acidification combined with the likelihood of a higher 317 proportion of glucose being fermented into organic acids other than formate could explain the 318 higher R. palustris cell densities at G146 in WT-based cocultures compared to NifA*-based 319 cocultures (Fig. 3B) . 320 321 A single mutation in an E. coli nitrogen starvation response regulator is sufficient for 322 mutualistic growth with WT R. palustris. We hypothesized that the growth of WT-based 323 cocultures was due to adaptive mutations in one or both species. To determine whether the 324 evolution of either or both species was necessary to establish a nascent mutualism, we isolated 325 single colonies of each species from ancestral WT populations and evolved G146 cocultures 326 and paired them in all possible combinations (Fig. 5A ). Only those pairings featuring evolved E. 327 coli grew to an OD 660 >0.5 after ~24 days (Fig. 5B ). Cocultures pairing evolved E. coli with 328 ancestral or evolved WT R. palustris exhibited similar doubling times of ~67 h (Fig. S1 ). These 329 results indicate that adaptation by E. coli alone is sufficient to establish a nascent mutualism 330 with WT R. palustris. Accordingly, we did not observe increased NH 4 + excretion in evolved WT 331
To identify candidate mutations in E. coli that could drive improved coculture growth, we 333 sequenced the genomes of populations in each evolved coculture lineage after 123-146 334 generations. We also sequenced WT-based cocultures following ~11 generations to determine 335 if potentially adaptive mutations arose early within WT-based cocultures. Several parallel 336 mutations were identified in both species at frequencies between 5 and 100% (Table 1 and  337 Supplementary Files 1 and 2). Consistent with evolved E. coli being necessary for mutualistic 338 growth with either ancestral or evolved WT R. palustris (Fig. 5B ), we did not detect any nifA nor 339 amtB mutations in evolved WT R. palustris populations, which would enable rapid coculture 340 growth. The multiple high frequency parallel mutations observed in evolved R. palustris 341 populations (Table 1) , are insufficient to improve coculture growth trends ( Fig. 5B ). Of the 342 mutations in evolved E. coli populations, we were intrigued by a fixed missense mutation in glnG 343 (henceforth called ntrC) that occurred in all evolved E. coli populations from both shaken and 344 static WT-based cocultures, replacing serine 163 with an arginine within the AAA+ domain in 345 the encoded the response regulator NtrC (NtrC S163R , Table 1 and Fig. 5C ). NtrC and the 346 histidine kinase NtrB form a two-component system that senses and coordinates the nitrogen 347 starvation response in E. coli [44] [45] [46] . Our lab previously found that the E. coli NtrBC-regulon is 348 highly expressed in coculture with R. palustris NifA* [20]. Thus, E. coli NtrBC might be even 349 more important in coculture with WT R. palustris wherein E. coli nitrogen starvation is expected 350 to be intensified. 351
The NtrC S163R mutation was enriched early in the evolution of WT-based cocultures, 352 already at a high frequency in most lineages by G11 (Table 1 and Supplementary Table 3 ). 353
Because of the striking parallelism of the NtrC S163R mutation across coculture lineages, we 354 wondered if it was present as standing genetic variation in the ancestral E. coli population. We 355 therefore sequenced ntrC of ten E. coli isolates subjected to a single round (35 days) of 356 coculture growth with WT R. palustris (Fig. 6A) , which should enrich for the NtrC S163R mutation. 357 All ten isolates sequenced had the WT ntrC allele. Thus, although the NtrC S163R allele was likely 358 present in the founder population given its presence in every WT-based coculture lineage, it 359 was likely under strong selection from an initial low frequency. In support of the importance of 360 the NtrC S163R allele, we also identified multiple, though different, high frequency mutations in ntrB 361 and ntrC in E. coli populations from NifA*-based cocultures evolved under both well-mixed and 362 static conditions (Table 1 and Supplementary Table 3 ). Together, these observations strongly 363 suggest the adaptive importance of E. coli ntrBC mutations like NtrC S163R for coculture growth, 364 regardless of the NH 4 + -excreting phenotype of the R. palustris partner. 365
To determine if the NtrC S163R mutation alone was sufficient to support coculture growth 366 with WT R. palustris, we moved the NtrC S163R allele into the ancestral E. coli strain. Cocultures 367 pairing E. coli NtrC S163R with WT R. palustris grew with a doubling time of 124 ± 22 h, 368 approximately twice as long as cocultures with evolved E. coli isolates, but much faster than 369 cocultures with ancestral E. coli (Fig. 6A) . Thus, the NtrC S163R mutation is sufficient to drive 370 coculture growth. Cocultures with E. coli NtrC S163R reached similar final cell densities, but 371 supported lower WT R. palustris abundances than cocultures with evolved E. coli isolates (Fig.  372   6B) . 373
We speculate that some of the additional parallel mutations in evolved E. coli (Table 1)  374 are also adaptive and account for the faster coculture growth rate relative to cocultures with the 375 NtrC S163R mutant (Fig. 6A ). For example, the E. coli strain we used has a frameshift mutation in 376 rph that decreases expression of pyrE immediately downstream [47] . Mutations in rph and in-377 between rph and pyrE, like those identified here (Table 1 and Supplementary Files 1 and 2) , can 378 improve pyrimidine biosynthesis and growth in minimal media [48] . HdfR is a transcriptional 379 regulator that inhibits flagellar expression [49] and activates glutamate synthase expression 380 [50] . HdfR loss-of-function mutations could reduce glutamate synthase expression and 381 synchronize NH 4 + assimilation with the low NH 4 + cross-feeding levels in WT-based cocultures. 382
However, the entire HdfR regulon has never been reported and thus could include other genes. 383
In another possible link to nitrogen metabolism, mutations accumulated in the glutamine tRNA 384 gene, glnX ( Table 1) . Two of the mutations disrupt the base-pair adjacent to the anti-codon loop 385 while two others alter the anti-codon, one still coding for glutamine but the other coding for 386 histidine. The impact of these mutations is difficult to predict, especially since GlnX is just one of 387 four E. coli tRNAs for glutamine. The yhdWXYZ operon encodes an NtrC-regulated amino acid 388 ABC transporter, which is predicted to be non-functional due to a frameshift mutation in yhdW 389 [44, 45] . The mutations identified in (Table 1 ) and directly upstream of the yhdW pseudogene 390 ( Supplementary Files 1 and 2) could restore amino acid transport for use as a nitrogen source 391 or alternatively disrupt NtrC binding upstream of yhdW and thereby free up NtrC to regulate 392 genes more critical to NH 4 + acquisition. 393
394
The E. coli NtrC S163R allele constitutively activates ammonium transporter expression. 395
Based on the effects of NtrC mutations observed by others [51, 52] , we hypothesized that the 396 NtrC S163R allele facilitates coculture growth with WT R. palustris by conferring constitutive 397 expression of NtrBC-regulated genes important for NH 4 + acquisition. We previously determined 398 that NtrC and AmtB were crucial gene products within the NtrBC regulon for growth and 399 coexistence with R. palustris NifA* [18, 20] . To test if the NtrC S163R allele increased amtB and 400 ntrC expression, we measured transcript levels by reverse transcription quantitative PCR (RT-401 qPCR) in E. coli monocultures grown with 15 mM NH 4 Cl or subjected to complete nitrogen 402 starvation (~10 h with 0 mM NH 4 Cl). We chose to perform RT-qPCR on E. coli monocultures, 403 because ancestral WT E. coli does not readily grow with WT R. palustris and because E. coli 404 typically constitutes a low percentage (1-5%) of WT-based cocultures, meaning most mRNA 405 would be from R. palustris. 406
When cultured with NH 4 Cl, the E. coli NtrC S163R mutant exhibited ~30 and ~15-fold higher 407 expression of amtB and ntrC, respectively, than WT E. coli (Fig. 6C) , indicating that the 408 NtrC S163R allele constitutively activates expression of its regulon. Following 10 h of nitrogen 409 starvation, we saw similarly high amtB and ntrC expression by both the WT and the NtrC S163R 410 strains (Fig. 6C) . Thus, both the WT and NtrC S163R E. coli strains are able to commence strong 411 transcriptional responses to extreme nitrogen starvation. We expect that the level of nitrogen 412 limitation experienced by E. coli in coculture with WT R. palustris is less extreme than the 413 complete nitrogen starvation conditions used in our qPCR experiments. Although we cannot 414 detect NH 4 + excretion by WT R. palustris, the equilibrium with NH 3 dictates that some will be 415 excreted, possibly within the nM to low µM range where AmtB is critical [21] . We also know that 416
AmtB is important in coculture for E. coli to compete for transiently available NH 4 + that R. 417 palustris will otherwise reacquire [18] . We therefore hypothesize that the NtrC S163R mutation 418 primes E. coli for coculture growth with R. palustris by maintaining high AmtB expression and 419 thereby enabling acquisition of scarcely available NH 4 + . The resulting faster E. coli growth and 420 metabolism would translate into faster organic acid excretion, which itself would foster R. 421 palustris growth and reciprocal NH 4 + excretion. Thus, we envision that better NH 4 + acquisition 422 creates a positive feedback loop, enhancing the growth of both players in the mutualism. 423
424
DISCUSSION 425
Here, we determined that in cocultures requiring nitrogen transfer from R. palustris to E. coli, an 426 E. coli NtrC S163R mutation alone is sufficient to enable coculture growth. The mutation results in 427 constitutive activity of the NtrC regulon and thus increased expression of the AmtB NH 4 + 428 transporter, which we hypothesize enhances NH 4 + uptake. This is the first mutation we have 429 identified in the NH 4 + recipient E. coli that is sufficient to support mutualistic growth with WT R. 430 palustris. Overall, our data suggest that a recipient species can persuade cross-feeding through 431 enhanced nutrient uptake. An improvement in nutrient acquisition by one species could lead to 432 increased reciprocation and thus generate a positive feedback loop in the context of mutualism. 433
Our previous work on this consortium utilized R. palustris NifA* and Δ AmtB strains that 434 we engineered to excrete NH 4 + [17] [18] [19] . In the present study, we did not identify nifA or amtB 435 mutations in evolved WT R. palustris populations. R. palustris nifA and amtB mutations likely 436 incur a fitness cost, such as an increased energetic burden of constitutive nitrogenase 437 expression due to the NifA* mutation or loss of NH 4 + to WT competitors in the case of an 438 inactivating amtB mutation. Thus, emergent R. palustris nifA and amtB mutants would not be 439 expected to be competitive in the presence of a large WT R. palustris population. However, it 440 does not appear that R. palustris NifA* regained regulation of nitrogenase and limited NH 4 + 441 excretion during the experimental evolution of NifA*-based cocultures. Instead, ancestral and 442 evolved NifA*-based cocultures supported consistent abundances of E. coli, a trait that is 443 dependent on the level of NH 4 + excretion [17] [18] [19] . Our results therefore suggest that the NifA* 444 mutation, a 48-bp deletion, is not prone to frequent or rapid suppression, at least during the time 445 scale of this study, potentially because multiple mutations would be required. It is also possible 446 that the cost of constitutive N 2 fixation is relatively low within this mutualism. Based on our 447 findings, we propose that experimental evolution of synthetic consortia is useful for both for 448 identifying novel genotypes enabling coexistence and for assessing the stability of putatively 449 costly engineered genotypes. 450
More broadly, our results indicate that within a cross-feeding partnership, multiple 451 combinations of recipient and producer genotypes can lead to stable coexistence but only 452 certain combinations will be favored based on the selective environment. Under well-mixed 453 conditions there is intense competition between recipients as well as producers for limiting, 454 communally-valuable nutrients, such as NH 4 + [18], vitamins, or amino acids [1, 7, 8] . 455
Additionally, there is a probable fitness cost for producers associated with increased nutrient 456 excretion in well-mixed environments. Under well-mixed conditions, costless self-serving and 457 mutually beneficial mutations, but not costly partner-serving mutations, are favored to evolve 458 [53] . Therefore mutations that improve a recipient's ability to acquire nutrients from producers, 459 and thereby outcompete other recipient genotypes, can evolve rapidly [54] . Recipient mutations 460 that enhance metabolite uptake also erode the partial privatization of communally valuable 461 nutrients released by the producer [55] . Even so, these recipient mutations can benefit 462 producers if they promote mutualistic interactions [54] . We view the E. coli NtrC S163R mutation as 463 an example of a conditionally-costless self-serving mutation, given its rapid emergence in well-464 mixed cocultures, but one that is mutually beneficial in the context of an obligate mutualism. We 465 hypothesize that the benefit of the NtrC S163R mutation for E. coli extends more generally to 466 surviving nitrogen limitation. In support of this, an NtrC V18L mutation that similarly increased Mutations that improve nutrient acquisition can be mutually beneficial for cross-feeding 473 partners under conditions where neither species can grow well without reciprocal nutrient 474 exchange. However, mutations that enhance nutrient uptake could also be adaptive for the 475 recipient when there is no reciprocal benefit to the producer. For example, acetate cross-feeding 476 repeatedly evolved in E. coli populations under glucose-limiting conditions through mutations 477 that enhanced acetate uptake by a nascent recipient subpopulation [57, 58] . Unlike in our study, 478 the acetate-consuming recipients did not provide a clear reciprocal benefit to the acetate-479 excreting producers beyond a potentially relaxed competition for glucose due to resource 480 partitioning [57, 58] . Consequently, mutations that enhance nutrient uptake could foster the 481 emergence of mutualistic, commensal, or competitive interactions, depending on community 482 composition and conditions [54, 57, 58] . In natural microbial communities, where auxotrophy is 483 prevalent [1, 7] and most cells exhibit low metabolic activity [9, 10] MG1655 NtrC S163R NtrC S163R ( NtrC S163R ); MG1655 derivative with serine 163 to arginine (S163R) point mutation of NtrC 
